We report the recovery of a nuclear recessive mutation in Nicotiana sylvestris (Spegazzini and Comes) producing a conditional disruption in the pathway for synthesis of chlorophyll a and b and carotenoids which is fully reversible by exogenous thiamine (0.3 micromolar). In the absence of supplemental thiamine, chlorophyll levels declined by 50% after 5 days, and fell to undetectable levels by 11 days. Mitochondrial (KCN sensitive) respiration rates remained normal in albino leaves (80% loss of chlorophyll), suggesting that chlorosis results primarily from a deficiency of thiamine in the chloroplasts. After thiamine removal, mutant plants produced at least 10 albino leaves with a substantial capacity for growth (0-15 centimeters; 70-fold increase in area), demonstrating sustained operation of many cellular functions in spite of chloroplast disruption. Activities of the plastid isozymes of phosphoglucomutase and phosphoglucoisomerase in albino leaves indicated that the decline in pigment synthesis does not result from a general loss of metabolic activity in chloroplast. Plastid pyruvate dehydrogenase from mutant and wild-type plants displayed a similar affinity for thiamine pyrophosphate, showing that chlorosis does not result from an alteration in this enzyme. Growth of albino leaves and ultrastructural evidence for thylakoid membranes in the chloroplasts suggest that a certain level of fatty acid synthesis is maintained after the interruption of pigment synthesis. Since thiamine deprivation is expected to block production of acetyl-coenzyme A from pyruvate by pyruvate dehydrogenase, acetyl-coenzyme A supporting fatty acid synthesis in albino leaves may be derived solely from mitochondrial acetate.
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In addition to performing the vital functions associated with photosynthetic assimilation of C02, chloroplasts are involved in the synthesis of a broad spectrum of essential cellular components (6) . Pathways for synthesis of Chl from aminolevulinic acid, and carotenoids from mevalonic acid are located entirely in the chloroplast, as is synthesis of the isoprenoid components of Chl a and b, the plastoquinones, and vitamin K,. Chloroplasts also play a central role in amino acid metabolism (11), and are now considered to be the sole site for synthesis of the fatty acids (5) that comprise the lipid component of cell membranes and chloroplast thylakoids.
Although it is well established that fatty acids, carotenoids, and isoprenoids are all derived from acetyl-CoA in the chloroplast, there is some disagreement concerning the source of this important precursor (4) . The observation that spinach chloroplasts contain a highly active acetyl-CoA synthetase (8) has led to proposals that free acetate originating in the mitochondria can be converted to acetyl-CoA in the chloroplasts (14). Several reports suggest that fatty acid synthesis is supported primarily by acetyl-CoA derived from this source (15, 18) . But there is recent evidence indicating that synthesis of p-carotene is more closely associated with photosynthetically fixed carbon through a metabolic sequence involving the thiamine-dependent conversion of pyruvate to acetyl-CoA by plastid PDH' (16) .
Here, we report the recovery of a nuclear recessive mutation of Nicotiana sylvestris producing a conditional disruption in the synthesis of chloroplast pigments which is fully reversible by exogenous thiamine. During the rapid onset of chlorosis following removal ofsupplemental thiamine, mitochondrial respiration rates remain normal. Since thiamine is an essential coenzyme for two enzymes involved in mitochondrial respiration (PDH, a-ketoglutarate dehydrogenase), it appears that this mutant suffers primarily from a deficiency of thiamine in the chloroplasts.
We show that the albino leaves of NS 514 retain a substantial capacity for growth, suggesting that thiamine-deficient chloroplasts sustain a certain level of fatty acid synthesis long after the interruption of pigment synthesis. Thiamine deprivation in the chloroplasts would be expected to block the production ofacetylCoA from pyruvate by plastid PDH, but the conversion of cytosolic acetate to acetyl-CoA in the chloroplasts is not thiamine dependent. The early stages of bleaching in NS 514 leaves following removal of supplemental thiamine may represent a period during which acetyl-CoA in the chloroplasts is derived solely from external acetate.
MATERIALS AND METHODS
Mutant Isolation. Seeds ofNicotiana sylvestris (Spegazzini and Comes) were soaked in water for 12 h, exposed to 0.4% EMS (2 h to induce mutations, and grown to maturity in the field for collection of M2 seeds as described previously (10) . M2 seeds (n = 400/family) were germinated on vitamin-free RN medium (10) in closed Petri plates under continuous illumination (80,uE. m-2 s'). Mutant NS 514 was identified as a seedling variant with green cotyledons and white true leaves. Restoration of pigment synthesis and growth of NS 514 was carried out on the RN medium supplemented with thiamine-HCl (0.3 ,uM).
Growth Conditions. M3 progenies from self-pollination of heterozygous plants were grown as above on the RN medium (lacking thiamine) for 7 d to identify mutant plants. Mutants were then transferred to an RN medium containing thiamine to restore pigment synthesis and growth. After initiation of a fifth true leaf, the plants were transferred to soil (no thiamine) and grown under continuous illumination (100,uE * m-2 * s-') at 28°C. 4 .4 mM Na2P4O7, 1 mm EDTA, and 3.5 mM MgCl2 and 10 mM DTE in a Waring blendor using 2 s high-speed bursts. The homogenate was filtered through 8 layers of cheesecloth and centrifuged for 5 min at 800g. The pellets were gently resuspended in the same buffer, repelleted and resuspended in 50 mm Hepes (pH 7.6), 1 mM MgCl2, and 10 mM DTE, and frozen. The suspension was thawed, diluted with an equal volume of the same buffer containing 300 mM NaCl, incubated for 30 min at 4°C, and centrifuged at 27,000g for 15 min. The supernatant was desalted on a Sephadex G25 column, concentrated twofold, and assayed for PDH activity on a Gilford 250 spectrophotometer at 340 nm. One unit of activity is defined as 1 ,umol NADH formed per min. Activity of PDH from mutant and wild-type plants was examined in the absence of added TPP in the reaction mixture and at 0.2 and 0.4 mM TPP.
Electron Microscopy. Samples for EM were taken from wildtype and mutant plants 11 d following removal of supplemental thiamine. Leafsegments (1-2 mm2) were excised from the lamina between the veins, fixed for 3 h in 6% glutaraldehyde in 0.1 M K-phosphate buffer (pH 7.4), washed in five changes of the same buffer, and postfixed for 2 h in 1% osmium tetroxide in the same buffer. The tissue was dehydrated in a graded ethanol series (70-100%) and transferred to acetone prior to embedding in Spurr's resin (17). Sections were stained with uranyl acetate and were examined and photographed on an Zeiss EM 10 electron microscope.
RESULTS
Genetic Analysis. One of the M2 families resulting from selfpollination of 683 Ml plants contained a mutant (NS 514) in which the emergence of green cotyledon leaves was followed by the formation of four or five albino true leaves prior to cessation of growth and death. Since the NS 514 strain occurred at a frequency of nearly 25% in the original M2 family, it appeared to result from a single nuclear recessive mutation. We confirmed this hypothesis by identifying heterozygotes among the normal M2 siblings of NS 514, based on segregation of normals and mutants in a 3:1 ratio in M3 progenies (Table I) . Ten normal siblings were selected randomly from the original M2 family and grown in the greenhouse for self-pollination. Four of the 10 produced M3 progenies segregating the green cotyledon/white true leaf phenotype. Three of the segregating progenies were scored for frequencies of normal and mutant phenotypes, and computation of the pooled X2 indicated a close fit to a 3:1 ratio.
Effect of Thiamine on Chl Levels. In experiments designed to extend the growth period of this mutant, it was discovered that media containing the vitamin supplements of Murashige and Skoog (13) restored pigment synthesis in the albino leaves and normal growth. Additional tests revealed that this reversal was mediated solely by thiamine, which was effective at concentrations down to 0.3 ,uM. Foliar applications of thiamine also restored pigment synthesis in mutant plants, but root feeding proved to be more convenient.
Subsequent transfer ofthiamine-corrected mutants to a potting mixture lacking supplemental thiamine led to a rapid resurgence Figure 1 . Thiamine-corrected mutants displayed 80 to 90% of the Chl levels found in wild-type plants and Dark Respiration. To determine whether mutant leaves showing a metabolic disturbance in the chloroplasts also displayed mitochondrial disruption, we examined cyanide-sensitive respiration at different stages ofChl degradation following the removal of thiamine (Table II) . Six d after thiamine removal, mutant leaves showing clear evidence of chloroplast disruption (80% reduction in Chl) displayed rates of mitochondrial respiration virtually identical to those observed in wild-type leaves. Even after Chl levels in the mutant had fallen to 3% of wild type (9 d), respiration rates were 70% of that observed in normal green leaves. These results delineate a prolonged period in the ontogeny of mutant leaves in which the absence of supplemental thiamine produces severe perturbations in chloroplast metabolism prior to the onset of any detectable problems in the mitochondria.
Growth of Albino Leaves. When supplemental thiamine was removed from mutants initiating a fifth true leaf, the plants produced at least 10 additional true leaves which were white at emergence and expanded rapidly. The increase in leaf area in one of these albino leaves (node 7) was plotted in relation to that observed in leaves at the same position on wild-type plants and on mutant plants receiving continuous thiamine supplementation (Fig. 2) . During the first 3 d, the leaves of all three grew at a similar rate, showing about a 15-fold increase in leaf area. Beyond this point, the growth rate in albino leaves declined relative to the wild-type and thiamine-corrected mutants, which continued to grow at a similar rate. Nonetheless, the albino leaves continued to grow over a 12 d period, increasing in length from 1.0 to 12.0 cm and attaining nearly a 70-fold increase in leaf area.
Pigment Analysis. To determine whether chloroplasts in albino leaves were defective in the synthesis of accessory pigments as well as Chl, absorption spectra of acetone extracts were examined over a range of wavelengths from 350 to 700 nm (Fig.  3) . Extracts from wild-type leaves displayed a peak of absorbance at 650 nm corresponding to Chl a and b, and a broad area between 350 and 500 nm reflecting the combined absorbance of Chl and carotenoids (6) . In sharp contrast, the absorption spectrum from albino leaves ofmutant NS 514 was deficient through- This apparent restoration of primary and accessory pigments in the mutant by thiamine supplementation was examined in more detail by inspection of pigment profiles separated by TLC. Wild-type extracts were resolved into seven components including two well separated green spots corresponding to Chl a and b and five additional pigments. A-Carotene was identified as the yellow/orange spot running at the solvent front. Albino leaves of the mutant were grossly deficient for all seven pigments, although overloading revealed that all were present at very low levels. Extracts from thiamine-corrected mutants produced profiles indistinguishable from wild type, confirming earlier indications that supplemental thiamine restores synthesis of the entire spectrum of chloroplast pigments. E,nzyme Assays. Activities ofthe cytosolic and plastid isozymes of l'GM and PGI were assayed in albino leaves of the mutant and in green leaves of wild-type controls to determine whether the loss of pigment synthesis resulted from a general decline in the metabolic activity of the chloroplasts (Table III) . Although the levels of cytosolic and plastid PGM were lower in albino leaves of the mutant, the plastid form still represented 21% of the total activity as compared to 29% in wild type. Similarly, cytosolic and plastid levels of PGI were somewhat lower in the mutant, but the plastid form still accounted for 34% of the total activity as compared to 40% in wild type. Maintenace of these stromal enzymes in mutant chloroplasts that have lost 90% of their Chl suggests that the decline in pigment synthesis is a specific response to thiamine deprivation occurring in advance of any general loss of metabolic activity in the organelle.
Plastid PDH is a thiamine-dependent enzyme catalyzing production of acetyl-CoA, a precursor in the synthesis of chloroplast pigments. To determine whether the thiamine requirement of NS 514 results from an alteration in this enzyme's affinity for TPP, we assayed stromal extracts from wild-type and mutant chloroplasts for PDH activity in the presence and absence of TPP (Table IV) . Mutant plants were grown with thiamine supplementation in order to obtain normal green chloroplasts for isolation. Since unbound TPP is lost during passage of the stromal extract through Sephadex G25, PDH activity in the absence of exogenous TPP in the reaction mixture represents the presence of TPP that remains bound to the enzyme during extraction (2 Figure 4 . Wild-type chloroplasts displayed the typical dense network of thylakoid lamellae interspersed with numerous areas of stacked grana. Chloroplasts in albino leaves of the mutant contained thylakoid membranes, but in a more sparse distribution with only occasional evidence of truncated grana.
DISCUSSION
Mutant strain NS 514 carries a single recessive nuclear mutation causing chlorosis in the absence of supplemental thiamine. This phenotype could result from a mutation blocking biosynthesis of thiamine, rendering the plant auxotrophic for this essential vitamin (7, 9) . Since there are two thiamine-requiring enzymes essential for activity of the Krebs cycle in the mitochondria (pyruvate dehydrogenase, a-ketoglutarate dehydrogenase), and three thiamine-requiring enzymes in the chloroplasts associated with amino acid synthesis (acetolactate synthase), the Calvin cycle (transketolase) and acetyl-CoA production (pyruvate dehydrogenase), the absence of thiamine in the cell would be expected to trigger metabolic disorders in both of these organelles. Our results show that the rapid loss of chloroplast pigments following thiamine removal is not accompanied by any observable disruption in mitochondrial respiration (Table II) . In addition, substantial growth in the albino leaves (Fig. 2) (8) is not thiamine dependent, this reaction may proceed to some extent in thiamine-deficient chloroplasts of NS 514 serving to sustain a certain level of fatty acid synthesis in albino leaves. Our observations on growth and chloroplast ultrastructure in albino leaves provide indirect support for this hypothesis. Mutant plants produce at least 10 albino true leaves following thiamine removal, some of which attain a length of 12 to 15 cm and a 70-fold increase in leaf area (Fig. 2) . Since these leaves are white at emergence and presumably devoid of lipid reserves, it appears that chloroplasts in albino leaves are capable of synthesizing fatty acids to support the assembly of new cell membranes. The presence of thylakoid membranes in the chloroplasts of these albino leaves (Fig. 4) reinforces this view.
Although the level of fatty acid synthesis in NS 514 would be expected to decline steadily with prolonged thiamine deprivation, the early stages of bleaching following thiamine removal may represent a period during which normal levels of mitochondrial activity temporarily sustain the flow of cytosolic acetate and synthesis of acetyl-CoA in plastids where the pyruvate-derived source ofthis important precursor is blocked by PDH disruption. This would provide a valuable experimental system for investigating the relative importance of these pathways in the biosynthesis of chloroplast components derived from acetyl-CoA.
Finally, mutant NS 514 should be useful in experiments designed to examine the effects of chloroplast disruption on metabolic events elsewhere in the cell. Recently it was demonstrated that induction of photooxidative damage in chloroplasts of mustard cotyledons with the herbicide Norflurazon blocks the increase in levels of peroxisomal enzymes (glycolate oxidase, hydroxypyruvate reductase) associated with glyoxysome to peroxisome transition (3). It was inferred that the acquisition of these enzymes by developing peroxisomes is mediated by a signal originating in the plastids. It will be of interest to determine whether the specific metabolic disruptions occurring in the chloroplasts of NS 514 interfere with the mechanisms regulating peroxisomal metabolism.
